The effect of mouse interferon (ITF) on the expression of Friend leukaemia virus (FLV) and on dimethyl sulphoxide (DMSO)-stimulated haemoglobin synthesis in Friend erythroleukaemic cells (FLC) was studied. Immunofluorescent staining was used to detect intracellular antigens, and incorporation of ~H-uridine into virions to detect extracellular virus release. Interferon markedly inhibited haemoglobin synthesis and FLV production, but enhanced accumulation of virus antigens in the cytoplasm; on the cell surface, however, FLV antigens were present to the same extent whether ITF was present or not. When ITF was removed, virus production rose and intracellular virus antigens fell to the levels of untreated controls.
INTRODUCTION
When the antiviral state is established in interferon (ITF)-treated cells, virus production is usually greatly reduced or abolished. Friedman et al. (1976) recently showed that, on prolonged ITF treatment of mouse L cells challenged with vesicular stomatitis virus or herpes simplex virus type I, infectious virus and intracellular virus antigens were rapidly eliminated from the cultures and no indication of survival of the virus genome could be found. In contrast, while ITF treatment of certain mouse cell lines chronically infected with some C-type RNA tumour virus also abolished extracellular virus production (Billiau, Sobis & de Somer, I973; Friedman & Ramseur, 1974; Pitha, Rowe & Oxman, I976) , intracellular virus antigens were still formed, and on removal of ITF, there was rapid resumption of virus production. Electron micrographs of such C-type virus producer cells treated with ITF did not show any significant reduction in the number of particles associated with the outer cell surface (Billiau et al. 1974) or of cell-associated 3H-labelled particles.
More recently, ITF treatment of the Rauscher leukaemia virus carrier line, JLSV5, was shown to inhibit the release of virus particles, but there was a three-to fivefold increase in the number of particles at the outer cell surface (BiUiau et al. I976) . Other workers have shown that the pool size of cell-associated virus proteins (p3o and reverse transcriptase), even after several cycles of cell division, was either increased (Friedman & Ramseur, 1974;  Friedman et aL I975) or unaffected (Pitha et al. 1976) by ITF treatment of AKR cell lines which were chronic producers of murine leukaemia viruses (MLV): extracellular release of virus particles was inhibited in all cases. These findings have been interpreted as indicating that ITF either blocks the release of virus from cells or inhibits the synthesis and/or the assembly of a late virus protein.
Friend leukaemia cells (FLC), i.e. erythroleukaemic cell lines induced with Friend leukaemia virus (FLV; Friend, Patuleia & de Harven, 1966 ) are chronically infected with FLV. The production of this virus is stimulated by exposure of FLC to t to 2 Yo dimethyl sulphoxide (DMSO, Sato, Friend & de Harven, i97i ; Ostertag et al. 1974; Lieberman et al. I975) , which also results in erythroid differentiation accompanied by haemoglobin (Hb) production (Friend et al. I971) . These cells are sensitive to the antiviral activity of ITF (Lieberman et al. I975; Swetly, 1976 ; our unpublished data) as well as to its inhibitory effects on cell growth (Rossi et al. I977a; Matarese & Rossi, 1977) and differentiation (Rossi et al. I977b) .
In this paper we have studied Hb synthesis and intracellular production of virus antigens in DMSO-stimulated FLC by immunofluorescence, and release of extracellular virus by incorporation of 3H-uridine. Treatment with ITF markedly inhibited Hb synthesis and FLV production, but increased the accumulation of virus antigens in the cytoplasm. Following removal of ITF, virus production rose and intracellular virus antigens fell to the levels in untreated controls.
METHODS

Cells.
Friend leukaemia cells, clone 745 A, obtained from Dr C. Friend (New York, N.Y.) , were grown in Dulbecco's medium (Dulbecco & Freeman, 1959) supplemented with I5 % foetal calf serum (Eurobio, Paris). The cells were routinely seeded at lO 5 ml in 250 ml plastic flasks or in 60 mm plastic Petri dishes from Falcon Plastic and kept at 37 °C in a humidified 5 ~o CO2 atmosphere with no further treatment (control untreated cultures) or with added 1. 5 % DMSO (v/v) . Some control untreated cultures were treated with various doses of ITF at the time of cell seeding (day o). Some DMSO-stimulated cultures were treated with ITF 24 h after cell seeding (day I). Cells were counted daily with a haemocytometer. Viability, assessed by the trypan blue dye-exclusion method, was never less than 90 ~o. Samples were collected for immunofluorescence tests.
Interferon. Mouse ITF was obtained from Dr I. Gresser (Villejuif, France) and F. Dianzani (Torino, Italy). Several preparations of ITF were used with titres and specific activities of I to 4 × I05 units/ml, io ~ units/rag protein for Gresser's preparations and I to IO × lO 4 units/ ml, lO 4 to lO 5 unitsfmg protein for Dianzani's preparations. Our mouse interferon unit equals four mouse interferon reference standard units. Mock ITF consisted of medium from uninduced cell cultures and was processed and purified in exactly the same way as ITF.
Antiserum to haemoglobin. Since mouse Hb is not a good immunogen, globin was extracted from purified Hb from DBA/2 mice (obtained from Dr V. Monaco, CNEN-Casaccia, Rome), the same strain of mouse as that from which FLC had been derived (Friend et al. 1966) . Mouse red blood cells (RBC) were lysed with 2 vol. of water and 0"5 vol. of chloroform and centrifuged, firstly at 2000 g for 15 min to remove RBC stromas and then in a Spinco L-2-5o at 25o00 rev/min for 2 h in the 50 Ti rotor. The supernatant was removed and gel-filtered through a Sephadex G-loo column according to Bernini (1969) . Red-stained fractions were pooled and extracted according to Antonini & Caputo (I958) with acid-acetone in the cold. The globin was lyophilized and stored at -2o °C until used. Rabbits weighing about 3 kg were injected in the foot pads with z-o mg of globin in 0"5 ml saline mixed with an equal volume of saline containing o'z65 mg poly(I).poly(C) (PL Biochemicals, Milwaukee), used as an 'adjuvant' (Turner, Chan & Chirigos, 197o) . A sample of preimmunization serum had been obtained from each rabbit. Rabbits received three additional intramuscular injections of 2 mg of globin without poly(1)-poly(C) at weekly intervals and were bled one week after the last inoculation. Sera were individually collected, and stored at -2o °C. The presence of antibodies against purified globin and crude Hb extracts (Spinco supernatant) was analysed by immunodiffusion tests that showed a single monospecific line of precipitation with both antigens.
Antiserum to FLV. C57B1/6J mice (generously provided by Dr V. Monaco, CNENCasaccia, Rome), I2 to 16 weeks old, were inoculated intraperitoneally each week for 3 weeks with 0-2 ml of an FLV stock prepared in DBA/2J mice and with a titre of IO 3'5 LDs0/ml in outbred Swiss mice of our own colony. Mice were sacrificed ~ to 2 weeks after the last inoculation and their sera were pooled and tested in DBA/2 mice in an in vivo neutralization assay against log dilutions of FLV, which was terminated 90 days after virus inoculation. The sera protected DBA/2 mice against at least 2 logs of FLV as compared to controls. Since this antiserum must also have contained antibodies against DBA/2 isoantigens, these were eliminated by an in vivo adsorption. The immune serum was inoculated into DBA/2 mice which were bled after 2 h, and their sera were pooled and stored at -20 °C until used. When necessary, sera were concentrated by contact with powdered polyethylene glycol 6ooo (Fluka, Buchs) through a dialysis membrane. Sera of uninfected C57B1/6 mice were absorbed in the same way as immunosera and served as pre-immunization controls.
Immunofluorescence test. For detection of cytoplasmic antigens, samples of 3 × lO5 cells, suspended in 0.2 ml medium supplemented with o.I ml foetal calf serum, were centrifuged at 350 rev/min for 5 min on to microscope slides in a Cytocentrifuge (Shandon, London), fixed in cold acetone for Io rain and stored at -20 °C. In immunofluorescence tests, cell pellets were washed in isotonic phosphate-buffer solution (PBS), pH 7"2, dried, covered by a drop of antiserum and incubated at 37 °C for 20 min in a humidified atmosphere. After several washings with the same buffer, they were dried, covered by a drop of fluoresceinconjugated rabbit antiserum (diluted I : 4) against mouse gamma-globulins (Hyland Laboratories, Los Angeles) to detect FLV antigens, and by a drop of ftuorescein-conjugated goat antiserum (diluted I:8) against rabbit gamma-globulins (Hyland) to detect Hb antigens. After further incubation at 37 °C for 2o rain, and repeated washings, slides were dried, mounted with buffered glycerol and observed with a Leitz fluorescence microscope.
To monitor the presence of membrane FLV antigens, pellets averaging 9 to 18 x Io 5 cells were resuspended in the smallest possible amount of anti-FLV serum previously diluted I : 2 in a solution of I ~o bovine serum albumin (BSA) in PBS, pH 7"2, incubated at + 4 °C for 3 ° rain, washed three times with a 5 % BSA solution in PBS, and resuspended in one drop of fluorescein-conjugated antiserum to mouse gamma-globulin. After another incubation at +4 °C for 30 min and extensive washing, cells were centrifuged on slides, fixed in ethanol, washed in PBS and mounted in buffered glycerol. Slides were examined with the fluorescence microscope.
RESULTS
Effect of interferon on the expression of haemoglobin in DMSO-stimulated
Friend leukaemia cells Fig. I (a to f) shows immunofluorescence patterns in pelleted FLC incubated with antiserum against Hb. Cells grown in the absence of DMSO and harvested at day 5 (Fig. I a) show few, if any, Hb-producing (Hb +) cells, thereby providing an internal control. Other cells were grown in the presence of r5 ~o DMSO and were collected on days 3, 4 and 5 respectively. DMSO-stimulated cells collected on day 3, 4 and 5, respectively; (e) and (f) DMSO-stimulated cells treated with z5o or IOOO units/ml of ITF, respectively, on day I, and collected on day 5.
Leder 0975) on the same cell preparations. On the other hand, DMSO-stimulated FLC, treated with 25o units/ml or Iooo units/ml of ITF on day I and collected on day 5, are shown in Fig. I (e) and (f), respectively. Fig. I (e) shows only a few Hb + cells and Fig. I (f) none. It appears, therefore, that administration of ITF resulted in a dose-dependent inhibition of lib synthesis in full accordance with our own preyious data (Rossi et aI. i977a ) .
Effect of interferon on the expression of FLV antigens in DMSO-stimulated Friend leukaemia cells
We confirmed that Friend leukaemia cells grown in the presence of DMSO produce markedly more FLV than control untreated FLC (Sato et al. I97I; Ostertag et al. I974; Lieberman et al. I975) : both the proportion of cells with specific FLV fluorescence and the intensity of their luminescence are markedly increased in Fig. 2 (b) (DMSO-stimulated cells) compared with Fig. 2(a) (controls) . It must be pointed out that the FLV antiserum employed had some neutralizing activity; it was produced in resistant mice by inoculation of the whole virus, and presumably contained antibodies against every FLV antigen. Fig. 2(c) and (d) show that upon administration, on day I of 25o units/ml or iooo units/ml of ITF, respectively, both the number of fluorescent cells and the degree of luminescence were, if anything, more prominent than in DMSO-stimulated FLC (Fig. 2b) . These data indicate that FLV antigens accumulated in the cytoplasm of DMSO-stimulated FLC treated with ITF at least at the same rate as in DMSO-stimulated controls. Measurement of the accumulated antigens can be derived from immunofluorescence tests performed with increasing dilutions of antiserum against FLV: DMSO-stimulated cells showed specific fluorescence only with undiluted antiserum, whereas DMSO-stimulated FLC treated with 25o or Iooo units/ml of ITF were fluorescent also with antiserum diluted I : 2 or I : 4 respectively. It also appears that this effect was in part dose-dependent since the immunofluorescence with Iooo units/ml ITF (Fig. 2d) was clearly more marked than that with 25 ° units/ml (Fig. 2c) .
In order to gain some further information about FLV antigen production, unfixed FLC samples were stained with the same FLV antiserum used before. Under these conditions, only FLV antigens exposed on the outer cell surface, namely gp 69-71 antigens, are available to FLV-antibodies and positive immunofluorescence indicates that cells express these antigens on their surface. Fig. 3 shows membrane immunofluorescence patterns: ITF treatment did not affect the presence of gp 69-7r FLV antigens on FLC surface (Fig. 3b) as compared with the corresponding findings observed in FLC given DMSO only (Fig. 3 a) .
Effect of interferon on the expression of FLV antigens in control uninduced
Friend leukaemia cells Several workers (Billiau et al. I973, I974; Friedman & Ramseur, ~974; Pitha et al. 1976 ) have found normal o1" increased levels of RNA tumour virus antigens in ITF-treated carrier celt lines that were not treated with DMSO. It was therefore of interest to determine whether ITF treatment of FLC would lead to accumulation of constitutively produced FLV antigens, in the absence of any induction with DMSO.
Administration on day o of as little as I6 units/ml of ITF to unstimulated FLC cultures led to accumulation of significantly more FLV antigens in the cytoplasm than in untreated FLC cultures. The degree of FLV antigen accumulation was quite possibly less than that illustrated in Fig. 2 where FLC cultures had been induced by DMSO to synthesize larger amounts of FLV antigens. Table I The inhibitory effects of I T F on Hb and FLV antigen synthesis were proportional to the antiviral activity of the various ITF preparations employed ( Fig. I and 2 ). Mock ITF preparations produced none of the observed effects. Several I T F preparations of varying specific activity (Io • to Io 6 or more units/mg protein) exerted comparable effects, regardless 
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Effect of ITF treatment and of its removal on FLV release into the extracellular fluid
We determined the effect of ITF treatment on FLV release into the extracellular fluids. Cultures, seeded at Io 5 cells/ml in the presence of I-5 % DMSO, were treated with ITF at 6oo units/ml on day I, and received 3H-uridine (lO/zCi/ml, sp. act. 27 Ci/mmol) on day a. Supernatant fluids were collected 24 h later by centrifugation at 8oo g for Io min, and cleared from cell debris at 8oo0 g for IO min. Virus particles were pelleted in a Spinco 35 type rotor for 75 min at 3oooo rev/min. The pellets were resuspended in buffer (tris-HC1 IOO mM, NaCI, I5O mM, EDTA, 2 mM, pH 7"5), kept overnight at +4 °C, layered on to a I5 to 60 % (v/v) sucrose density gradient and centrifuged in a Spinco SW 4I rotor for 80 rain at 40000 rev/min. Fractions collected by means of an ISCO apparatus (Lincoln, Nebraska) were precipitated with 5 % trichloroacetic acid and assayed for radioactivity. There was practically no radioactivity banding at I.I6 to I.I8 g/ml in supernatant fluids collected from FLC treated with DMSO +ITF (2oo d/rain), whereas fluids from DMSO-stimulated FLC did show, as expected, a sizable amount of radioactivity (216o d/min) in the same regions of the gradient.
Cell pellets, on the other hand, were extensively washed with pre-warmed medium and re-seeded at a concentration of 400000 cells/ml in medium containing no DMSO or ITF, but with io #Ci/ml of 3H-uridine. One day later, supernatants were collected and processed in exactly the same way as above. Following removal of ITF, twice as much radioactivity (m 300 d/min) banding at i. t 6 to 2.18 g/ml was detectable in fluids from cells that had been treated with ITF, than from control cultures treated in the same way (4600 d/rain). This relative increase in production of extracellular virus indicates a sizable intracellular accumulation of virus material during ITF treatment and its release into the supernatant following removal of ITF.
Effect of ITF removal on the expression of FL V antigens
The effect of removing ITF was also determined with respect to FLV antigens which accumulated in the cytoplasm during ITF treatment of DMSO-stimulated FLC. As described in the previous paragraph, cultures seeded together with DMSO and treated with ITF from day I, were extensively washed on day 3, and re-seeded in DMSO-and ITF-free medium. Cell pellets were cyto-centrifuged on to slides at I and 2 days after ITF and DMSO removal and were stained for immunoftuorescence with the FLV antiserum. The data indicate that by the second day after ITF removal the amounts of FLV antigens in the cytoplasm of FLC that had been treated with ITF had fallen considerably and were indistinguishable from those of FLC that had not been treated with ITF. Similar cell pellets were assayed for Hb content by incubation with the anti-lib antiserum. Within one day after ITF removal, Hb was readily detectable in cells that had been treated with ITF. It appears therefore, that removal of ITF resulted in complete disappearance of its previously induced effects.
DISCUSSION
The addition of appropriate amounts of ITF to cultures of DMSO-stimulated FLC causes a number of effects: those related to FLC growth and differentiation (Rossi et al. I977a, b) , and those affecting virus replication and production of virus antigens. We have shown that simultaneous administration of both ITF and DMSO caused such drastic inhibition of cell growth as to render the system unsuitable for studies of cell differentiation. We therefore added ITF 24 h later (day 1) to cultures seeded with DMSO so that the cell population had deubled once already before being exposed to ITF, fulfilling the one-cellcycle requirement for DMSO stimulation of FLC (McClintock & Papaconstantinou, 1974; Levy et al. I975; Wayne Wiens, McClintock & Papaconstantinou, I976) . Under these conditions, which were used in most experiments described in this paper, FLC growth was still depressed but to a lesser extent. The cells doubled almost twice after the addition of ITF, reaching a concentration of about 7 x Ios/ml on day 5 without appreciable mortality, while Hb production was reduced ninefold (Rossi et al. I977a) . Globin mRNA was reduced in content in DMSO-stimulated cultures treated with ITF. Instead, translation of the residual accumulated messenger was completely blocked. It has been suggested, therefore, that ITF may operate on two levels, one involving the transcription of globin mRNA and the other involving the translation of the accumulated messenger (Rossi et al. I977b) . These anticellular effects of ITF on FLC are dose-dependent, 500 units/ml being the threshold dosage. This may very well account for the apparent discrepancy between our data and those of Swetly & Ostertag (1974) and Lieberman et al. 0975 ) who reported no inhibition of FLC growth and differentiation with lower doses of ITF than ours. The absence of cell death, the full reversibility of inhibition of both growth and differentiation following removal of ITF and the actual detection of considerable, although reduced, amounts of globin mRNA in ITF-treated DMSO-stimulated FLC are likely to rule out any appreciable toxic effect of ITF. The data presented in this paper provide further evidence for an ITF-directed inhibition of erythroid differentiation in DMSO-stimulated FLC.
As far as virus replication and production of virus antigens are concerned, our results indicate that chronic FLV infection is sensitive to ITF. However, in contrast to its action on cytopathic viruses, ITF does not block the synthesis of specific FLV proteins. Instead, in this system, it appears either to inhibit reversibly some later step (or steps) in the virus replicative cycle required for the assembly of nucleocapsids, or alternatively, to affect the release of properly assembled virus particles. These data are in good agreement with recent reports (Pitha et al. I976) .
The absence of mature virions in the supernatant fluids of ITF-treated FLC could be attributed to inherent limitations in the sensitivity of the technique used. Therefore special care was taken to compare virus yields in the supernatant fluids from cultures of approximately the same number of cells. Moreover, since ITF at the high doses employed inhibits FLC growth (Matarese & Rossi, I977; Rossi et al. i977a) , the lack of virus production could depend on the inhibition of cell growth. This explanation is not likely since virus production was inhibited both with high (moo units/ml) and lower (250 units/ml) doses of ITF, whereas FLC growth was inhibited only with the former dose. On the other hand, FLC showed more specific immunofluorescence when treated with lOOO units/ml of ITF rather than with 25o units/rot of ITF. This dose-dependent accumulation of intracellular FLV antigens correlates well with our data on the equally dose-dependent effects of ITF on the FLC division cycle (Matarese & Rossi, 1977) : treatment of FLC with high doses of ITF causes a significant prolongation of the G2 phase of the FLC cycle. Synthesis of murine RNA tumour virus antigens is maximal during the G~ phase of the cell cycle (Panem & Kirsten, 1973) . It is tempting to postulate that the remarkable accumulation of FLV antigens observed in FLC given high doses of ITF (Fig. 2]' ) could reflect prolongation of the G2 phase.
The observation that specific FLV protein synthesis is not blocked by ITF, in contrast to the rapid elimination of intracellular virus antigens observed in ITF-treated cultures infected with cytopathic viruses (Friedman et al. I976) , does not necessarily reflect differences between oncogenic and conventional viruses. Previous studies with murine leukaemia virus (MLV) and murine sarcoma virus (MSV) have suggested that even with oncogenic RNA viruses themselves there may be a difference between the effect(s) of ITF on acute exogenous and on established infections (Gresser et al. i967; Peries et al. I968; Fitzgerald, i969; Sarma et al. 1969 ). Chany & Vignal (I97O) also reported that ITF treatment inhibited focus formation induced by exogenous MLV and MSV infection without decreasing virus production. Pitha et al. 0976) also noticed a number of differences between the effects of ITF on acute exogenous infection by MLV, induction of endogenous MLV by iodo-z'-deoxyuridine and MLV chronic infection. They postulated that ITF may block the transcription and translation of different portions of the provirus genome. In their hands, the inhibition of virus production observed in ITF-treated cells was possibly accounted for by the absence of one or more virus proteins other than p3o. This is at variance with other reported studies (Friedman et al. 1975; Billiau et al. I976) and our own data presented in this paper. However, some of the observed discrepancies may be due to differences in the ITF preparations used, in the virus-cell systems studied, or in the experimental design.
Even though the precise mechanism of the antiviral action of ITF is still unclear, most studies done with viruses other than RNA and DNA tumour viruses have consistently demonstrated that ITF inhibits both virus replication and the synthesis of all virus-specific proteins (Taylor, 1965; Joklik & Merigan, 1966; Jungwirth et aL ~972; Metz & Esteban, 1972 ) . Since our data, along with those of Friedman et al. (1975) and Billiau et al. (1976) , show that at least some virus proteins are synthesized in cells chronically infected with RNA tumour viruses, it is apparent that a portion of the integrated provirus is transcribed and its mRNA translated into virus proteins. In this respect Friedman et al. (1975) have also shown that labelled intracellular virus proteins which accumulated during ITF treatment could be detected in mature virions released in the extracellular fluids following removal of ITF. Thus, the virus proteins synthesized in presence of ITF were not ' defective'. In the Friend cell system, ITF-directed inhibition of FLV release into the supernatant fluids of FLC was reversed on removal of ITF. Our preliminary data indicate that FLV virions, released into the supernatants after removal of ITF and banding at I. 16 to I-I 8 g/ml in sucrose gradients, also contain labelled proteins synthesized during ITF treatment.
One cannot rule out the possibility that the transcription of some other portions of the provirus genome is inhibited by ITF, but this would require the assumption that in the transcription of RNA tumour virus polycistronic genomes, some cistrons are sensitive and others resistant to ITF. It seems to us, as well as to Pitha et al. (I976) , that model(s) other than the conventional one (overall inhibition of translation or transcription of the virus genome) can be constructed to explain the effect(s) of ITF in these systems. For example, ITF is known to alter several features of cell physiology, such as cell membrane properties (Stewart, Gosser & Lockart, I97I; Stewart et al. i972; Lindahl, Leary& Gresser, I972; Lindahl et al. I976) . It is tempting to hypothesize that such an altered cell membrane may interfere with the, as yet, largely unknown process(es) of virus release.
